Introduction
The positive outcome of allogeneic stem cell transplantation in many hematological malignancies is mainly due to graft-versus-leukemia (GVL) effects mediated by donor T lymphocytes and natural killer (NK) cells present in the graft. 1 Barnes et al. 2 noticed that recipients of allogeneic grafts, although less likely to relapse, died of graft-versushost disease (GVHD). 3 GVHD represents the major obstacle even following transplantation of MHC compatible donors. GVHD is much more aggressive and usually fatal following transplantation of MHC mismatched stem cell allografts, yet the intensity of GVL effects is directly related to the severity of GVHD. 4, 5 Post-grafting immunosuppression or pre-grafting T-cell depletion are mandatory for control or prevention of GVHD, but both modalities impair GVL effects and result in increased susceptibility to infectious complications. Thus, innovative strategies that effectively separate the beneficial GVL effects from the toxicity of GVHD while improving immunological reconstitution post-grafting are necessary for improving the cure rate and enhancing survival after stem cell transplantation.
Interleukin-7 (IL-7) is produced by stromal cells in the thymus and bone marrow. 6 Administration of IL-7 has several stimulatory effects on T-cell development, including increased thymopoiesis in mice, both in vitro and in vivo 7, 8 and T cell-dependent function in humans. 9 IL-7 was shown to increase the number of peripheral CD4 þ and CD8 þ antigens in non-activated T cells, 10 and enhance the anti-viral or anti-tumor activity of cytotoxic T cells that were clonally expanded in vitro for adoptive T-cell therapy. 11, 12 Pre-clinical experiments in murine BMT models documented that administration of IL-7 after transplantation enhanced the reconstitution of T cells in syngeneic or allogeneic BMT recipients through increased thymopoiesis. 13 IL-7 increased homeostatic proliferation of transferred and de novo generated mature T cells, and decreased apoptosis of peripheral T cells. 8, [13] [14] [15] Since donor T cells play a most important role in induction of GVL effects following allogeneic BMT, we focused on the role of IL-7 in facilitation of GVL effects by naive and sensitized C57BL/6 MHC mismatched spleen cells in mice treated in vivo with IL-7 following inoculation of murine B-cell leukemia (BCL 1 ).
Materials and methods

Mice
) (F 1 ) mice aged 2-4 months were purchased from Harlan at the Hebrew University-Hadassah Medical School's Animal Facility, Jerusalem, Israel. All the animals were kept under standard conditions in top filtered cages and given acidified water (pH 2.7) and food ad libitum. Cages, sawdust and water bottles were autoclaved once a week.
All animal procedures were approved by the Institutional Committee for Animal Experimentation.
Murine BCL 1 BCL 1 , a B-cell leukemia/lymphoma of BALB/c origin described by Slavin and Strober, 16 was maintained in vivo by serial passage in BALB/c recipients. B-cell leukemia/lymphoma was characterized by extreme splenomegaly (50 Â normal size by weight or cell number), extreme peripheral blood lymphocytosis (up to 500 000/mm 3 ) and death of all the recipients.
Human recombinant IL-7 and IL-2 IL-7 was purchased from Peprotech (Princeton, NJ, USA) as lyophilized powder soluble in water. The IL-7 was reconstituted in PBS to a concentration of 100 mg/ml.
Human recombinant IL-2 IL-2 was purchased from Chiron BV (Amsterdam, The Netherlands) as 1 mg proleukin (18 Â 10 6 international units). The IL-2 as initially diluted with water for injection, and subsequently rediluted with dextrose 5%.
Conditioning for transplantation
Non-myeloablative conditioning consisted of a total dose of 250 mg/kg cyclophosphamide (Cy) injected intraperitoneally (i.p.) 24 h before transplantation.
Preparation of cells for transplantation
Spleen cells from B6 donors were suspended in RPMI 1640 supplemented with 10% fetal bovine serum, washed twice and resuspended in the same medium and injected intravenously (i.v.).
Adoptive transfer experiments
Untreated BALB/c mice received 10 5 spleen cells (i.v.) obtained from each experimental group, to determine whether or not clonogenic BCL 1 cells were present in the spleen of treated donors. Recipients were observed daily for survival. Splenomegaly and peripheral blood counts were monitored weekly to check for signs of leukemia and to confirm that leukemia was indeed the cause of death. Phenotype analysis by flow cytometry Cell phenotype was determined by direct immunofluorescence using a fluorescence-activated cell sorter (FACStarplus, Becton Dickinson Immunofluoremetry Systems, Mountain View, CA, USA). Cells were analyzed after 2 day culture of C57BL/6 spleen cells with irradiated BCL 1 in the presence and in the absence of IL-7 (10 ng/ml). Cells (10 6 ) were stained with PE-conjugated anti-NK cells, and PE-conjugated anti-CD8 mAb (Pharmingen). Experiments were repeated twice.
In vitro proliferative responses to mitogens Two mice from each group were sacrificed on days 10, 15, 20, Experimental design Sensitization of donor T lymphocytes. To augment the GVL effect by donor lymphocytes against BCL 1 , allogeneic spleen cells obtained from B6 mice were cultured against irradiated BCL 1 (3000 cGy) in vitro for 2 days. Cells were cultured under conditions shown above. For testing GVL effects and GVHD across major histocompatibility barriers, F 1 mice were inoculated with 10 4 BCL 1 cells and mice were followed for signs of leukemia and survival. Group A: F 1 control group that received saline injections; group B: mice treated with one cycle of IL-7 i.p. at a concentration of 100 ng/mouse twice daily for 10 days, starting 1 day following B6 infusion; group C: mice treated with two cycles of IL-7, 10 days apart, starting 1 day following B6 infusion; group D: F 1 controls receiving BCL 1 cells only.
Enhancement of anti-leukemia effects by IL-7 using sensitized lymphocytes. A total of 10 Â 10 6 spleen cells/ml obtained from B6 mice were cultured for 2 days with irradiated BCL 1 cells in a mixed lymphocyte-tumor culture system. Of these cells, 2/3 were responder cells and 1/3 stimulator cells. Twenty ng/ml IL-7, or saline, were added to the culture medium. After sensitization, the cells were collected with a cell scraper and centrifuged. A total of 10 Â 10 6 mononuclear cells from each experimental group, cultured with IL-7 or saline, were injected together with 10 4 fresh BCL 1 cells into the lateral vein of the F 1 mice conditioned with Cy 250 mg/kg. Experimental mice were divided into five groups: group A-F 1 mice that received one cycle of IL-7 (100 ng Â 2/day i.p.) in vivo for 10 days, starting 1 day post transplantation; group B-F 1 mice that received two cycles of IL-7 treatment, 10 days apart, starting 1 day post transplantation; group C-F 1 mice that received fresh BCL 1 leukemia cells treated with one cycle of IL-7; group D-F 1 mice that received fresh BCL 1 cells only, and served as positive controls; group E-a control group that received saline in vivo.
Statistics
The Kaplan-Meier test was used to evaluate survival data. The Student's t-test was used to assess the differences in cell numbers and proliferative response.
Results
Chimerism
Following infusion of spleen cells, chimerism was detected at 3 and 6 weeks following transplantation. Circulating and spleen cells of all recipients were 80 and 90% of donor origin in 3 and 6 weeks, respectively, as confirmed by FACS analysis. Recipients transplanted with C57BL/6 spleen cells and treated by IL-7 in vivo had mild signs of GVHD like weight loss and runt disease.
Enhancement of anti-leukemia effects induced by C57BL/6 spleen cells and in vivo administration of IL-7 Leukemia eradication and disease-free survival were investigated after Cy conditioning followed by treatment with B6 spleen cells activated in vivo with IL-7. F 1 mice were conditioned with Cy i.p. and 24 h later were injected i.v. with 15 Â 10 6 B6 spleen cells as immunotherapy treatment and 10 4 fresh BCL 1 cells, to mimic a stage of minimal residual disease. They were then treated with two daily doses of saline injections (group A), 100 ng IL-7 i.p. for 10 days (group B) or with two similar cycles 10 days apart (group C). As shown in Figure 1 (one experiment of two with similar results), 66.6% of the mice in group C survived 60 days post transplantation, in comparison to 50% in group B. In contrast, only 16.6% of the control groups treated with saline (group A) survived until day 60. The cause of death of mice in groups A, B and C was GVHD. All the control mice (positive control) that received BCL 1 only (group D) died of leukemia within 21 days.
A comparison of group C (treated with two cycles of IL-7) and group A (treated with saline only) by the log-rank test showed a statistically significant value of P ¼ 0.0432.
Facilitation of anti-leukemia effects induced by alloreactive lymphocytes sensitized in vitro against leukemia in the presence of IL-7 Spleen cells of B6 donors were sensitized against irradiated BCL 1 in the presence and in the absence of IL-7, and injected at a dose of 10 Â 10 6 cells into Cy-conditioned F 1 mice that had been treated with one or two cycles of IL-7, as described previously. As shown in Figure 2 , treatment with lymphocytes sensitized in vitro with IL-7 followed by in vivo treatment with two cycles of IL-7 resulted in 71% leukemia-free survival (group B) as compared to 36% after one cycle of in vivo IL-7 treatment (group A). Only 21% of mice that received B6 spleen cells sensitized against BCL 1 cells in the presence of IL-7 but treated with saline in vivo (group E) survived more than 80 days. Most of the mice died of GVHD (group F), whereas adding IL-7 in vitro or in vivo reduced or postponed the GVHD mortality. The positive controls that received BCL 1 cells only, and mice that received BCL 1 cells followed by one cycle of IL-7 in vivo, died of leukemia (groups D and C, respectively), that is, IL-7 had no direct effect on the development of leukemia. Mice that received spleen cells sensitized against BCL 1 without IL-7 in vitro and with no additional treatment with IL-7 in vivo developed severe GVHD and died within 40 days (Figure 2, group F) . Adding IL-7 in vitro to sensitized B6 spleen cells mildly improved the survival of mice, but to a lesser extent as compared with in vivo administration of IL-7.
Log-rank test showed a statistically significant value of Po0.0001 in the group treated with one cycle of IL-7 (group A) compared to the BCL 1 þ IL-7 control group (group C).
Assessment of minimal residual disease by adoptive transfer experiment BALB/C mice were used to identify residual leukemic cells in the F 1 -transplanted and -treated mice. None of the adoptive recipient BALB/c mice that were inoculated with 10 5 spleen cells from Cy-conditioned F 1 mice inoculated with BCL 1 and transplanted with B6 spleen cells, and subsequently treated with one or two cycles of IL-7 as well as the group that received allogeneic spleen cells from non-IL-7-treated F 1 mice, developed leukemia (Figure 3 ).
All adoptive recipient BALB/c mice that received cells from F 1 mice injected with BCL 1 cells only or BCL 1 and IL-7 in vivo developed leukemia within 28 days (Figure 3 ).
Log-rank statistics showed a statistically significant value of Po0.01 in the group treated with two cycles of IL-7 compared to the group treated with one cycle. 
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An evaluation of mortality from leukemia among the recipient mice, based on the results of adoptive transfer experiment, showed that only 29% mice treated with two cycles of IL-7 in vivo died, while mortality among the mice treated with one cycle of IL-7 in vivo was 64% and mortality in the group that did not receive IL-7 treatment in vivo was 79% (Figure 4 ).
Splenic and thymic lymphoid organ cellularity and proliferative capacity of lymphocytes, comparison of the effect of IL-7 and IL-2 F 1 mice received Cy (250 mg/kg) and were transplanted with 15 Â 10 6 B6 spleen cells. One group received IL-7 100 ng Â 2/day for 10 days in vivo, a second group received IL-2 1000 cetus units Â 2/day for 10 days, another group received (IL-2 þ IL-7) and control group received saline. The number of spleen and thymic cells were counted on days þ 10, þ 15, þ 20, þ 30 and þ 45 post transplantation, and the proliferative capacity of lymphocytes in response to ConA and PHA was monitored.
Significant differences were achieved on days þ 10, þ 20, þ 30 and þ 45 (Po0.05), and showed splenic and thymic cell cellularity measured in the IL-7-treated group (Figures  5a and b) . IL-2 and IL-7 and combination of both resulted in significant elevation (Po0.05) of the thymic cellularity. IL-7 alone enhanced the proliferative responses of spleen cells from treated mice in response to PHA (Po0.05 on days 10 and 15) significantly more than IL-2, and there seemed to be no advantage in using a combination of IL-7 and IL-2 ( Figure 6a 
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Discussion
Allogeneic SCT is the treatment of choice for an increasing number of malignant and non-malignant disorders. The success rate of the SCT procedure depends to a great extent on the reconstitution of the functions of the immune system after conditioning and infusion of donor cells. Engraftment depends on adequate suppression of the host, while the incidence and severity of GVHD depend on the degree and intensity of alloreactive donor T cells infused against host alloantigens. Newly developing lymphocytes from donor stem cells are likely to become tolerant, but it seems important to facilitate the immune maturation and functionality of newly developing donor lymphocytes. Alloreactivity of donor lymphocytes is important for induction of GVL effects, since the major benefit of the SCT procedure depends on successful induction of GVL effects. Unfortunately, the successful induction of GVL effects is frequently accompanied by intractable acute and chronic GVHD. In this regard, stimulation of anti-tumor effector mechanism induced by T cells may also increase the incidence and severity of GVHD. Thus, the net effect of the SCT procedure depends on the engraftment of donor cells and induction of maximal GVL effects on the one hand, and minimization and/or control of GVHD on the other. In patients with an MHC compatible donor, GVL effects are mediated primarily by T lymphocytes. However, the large majority of patients in need of SCT have no matched sibling or matched unrelated donor available, and for these patients, transplantation of haploidentically mismatched allografts may represent the next best alternative. In such cases, T-cell depletion at the time of transplantation is mandatory to prevent GVHD, but no post-grafting immunosuppression is required due to tolerance induction by newly emerging donor T lymphocytes maturing in the host. 17, 18 Whereas T cells cause GVHD in most cases, NK cells that may also be facilitated by IL-7 do not cause GVHD, only anti-leukemia effects. However, control of other post transplantation complications, especially viral, fungal and bacterial infections, depends to a great extent on IL-7 and alloreactive spleen cells A Abdul-Hai et al the reconstitution of the patient's immune system, and in patients receiving post-graft immunosuppression for the prevention or control of GVHD, the period of immunosuppression is further prolonged. At present, no effective method for the facilitation of reconstitution of the patient's immune system post transplantation is available. Previous investigations by our group 13, 19, 20 and other groups 14, 15 suggest that IL-7 may be a most effective agent for facilitation of reconstitution of the number and function of T-cell subsets and B lymphocytes in vivo. Based on preclinical animal data, the use of IL-7 to facilitate immunological reconstitution post-grafting seems a most attractive future modality that has yet to be tested in man. Our results showed that IL-7 significantly augmented CD8 þ cells in vitro. We have previously showed 21 that CD8 þ cells are responsible for eradication of BCL 1 cells. These results can indicate and explain the mechanism of IL-7 activity on the immune response by maturation and differentiation of cells toward cytotoxic CD8 þ T cells against leukemic cells. The present experiments indicate that IL-7, an agent with known capacity to facilitate immunological reconstitution in vitro and in vivo, can be used in pre-clinical animal models to enhance the number and function of lymphocytes in the thymus and the spleen, as well as to enhance GVL effects induced by MHC incompatible lymphocytes against lethal murine leukemia. In vivo administration of IL-7 was shown to induce immunological reconstitution, while a short pre-treatment of donor lymphocytes with IL-7 in vitro before inoculation further enhanced the GVL effects. Investigation on the role of IL-7 on different cell subsets in the spleen indicated similar proportions of NK, CD45RA and mild increase of CD8 þ cells in IL-7-treated mice (data not shown).
Studies such as ours may provide the scientific basis for preliminary clinical trials using IL-7 for immunological reconstitution in vivo or in vitro following culturing of donor-derived cells before transplantation. Facilitation of immunological reconstitution in clinical practice and potent action of GVL effects, especially in patients with no clinically overt GVHD, or following transplantation of Tcell depleted stem cells, when newly developing donor T cells have to mature in the thymus of the host is likely to improve the outcome of SCT. It remains to be seen whether IL-7, in addition to beneficial facilitation of immunological reconstitution and GVL effects post-grafting, as well as engraftment by activation of donor T cells, may also result in aggravation of GVHD. This could be the case if grafts containing significant proportions of mature donor T cells are transplanted. However, transplantation of T-cell depleted stem cells, which is mandatory in recipients of haploidentically mismatched allografts, but optional in recipients of allografts from MHC compatible donors, is unlikely to result in GVHD, because alloreactive donor lymphocytes maturing in the thymus of the host are likely to become tolerant due to apoptosis of potentially selfreactive T cells. On the other hand, in addition to the risk of GVHD, stimulation of B cells by IL-7 may theoretically increase the risk of post transplant lymphoproliferative disorders, especially in recipients of T-cell depleted allografts.
In conclusion, based on the ability of IL-7 to facilitate immunological reconstitution following transplantation, using IL-7 for improving the outcome of allogeneic stem cell transplantation for malignant and non-malignant disorders seems highly warranted. 
